Facile synthesis of a platinum-lead oxide nanocomposite catalyst with high activity and durability for ethanol electrooxidation by Yang, W. H. et al.
16424 Phys. Chem. Chem. Phys., 2012, 14, 16424–16432 This journal is c the Owner Societies 2012
Cite this: Phys. Chem. Chem. Phys., 2012, 14, 16424–16432
Facile synthesis of a platinum–lead oxide nanocomposite catalyst with












Received 11th June 2012, Accepted 16th October 2012
DOI: 10.1039/c2cp41944k
Aimed at searching for highly active and stable nano-scale Pt-based catalysts that can improve
significantly the energy conversion efficiency of direct ethanol fuel cells (DEFCs), a novel
Pt–PbOx nanocomposite (Pt–PbOx NC) catalyst with a mean size of 3.23 nm was synthesized
through a simple wet chemistry method without using a surfactant, organometallic precursors and
high temperature. Electrocatalytic tests demonstrated that the as-prepared Pt–PbOx NC catalyst
possesses a much higher catalytic activity and a longer durability than Pt nanoparticles (nm-Pt)
and commercial Pt black catalysts for ethanol electrooxidation. For instance, Pt–PbOx NC
showed an onset potential that was 30 mV and 44 mV less positive, together with a peak current
density 1.7 and 2.6 times higher than those observed for nm-Pt and Pt black catalysts in the cyclic
voltammogram tests. The ratio of current densities per unit Pt mass on Pt–PbOx NC, nm-Pt and
Pt black catalysts is 27.3 : 3.4 : 1 for the long-term (2 hours) chronoamperometric experiments
measured at 0.4 V (vs. SCE). In situ FTIR spectroscopic studies revealed that the activity of
breaking C–C bonds of ethanol of the Pt–PbOx NC is as high as 5.17 times that of the nm-Pt,
which illustrates a high efficiency of ethanol oxidation to CO2 on the as-prepared Pt–PbOx NC
catalyst.
1. Introduction
Direct alcohol fuel cells (DAFCs) working with ethanol have
received growing attention because of the excellent properties
of ethanol as a fuel. Ethanol is easy to store and transport, and
can be simply produced in great quantity through fermentation
of sugar-containing raw materials. The high energy density of
8.01 kW h kg1 of ethanol is comparable to that of methanol.1–6
However, the commercialization of direct ethanol fuel cells has
been impeded by ethanol’s slow, inefficient oxidation.1,4
Platinum possesses a high activity for electrooxidation of
small organic molecule fuels (SOMs).7 It is known, however,
that the performance of pure Pt catalysts is not sufficient for
converting ethanol into CO2 due to the side reaction of
formation of acetic acid and the formation of strongly adsorbed
poisoning intermediates which block the anode surface.
Consequently, extensive efforts were focused on the improve-
ment of catalytic performance of Pt through the addition
of co-catalysts, such as Ru,3,8–12 Mo,13–15 Sn,1,11,16–18 etc.
The addition of foreign metals to Pt can mitigate poisoning
and increase the catalytic activity of Pt as well. Watanabe and
Motoo19 described a bi-functional mechanism for ethanol
oxidation, which is related to the formation of OH by
ruthenium atoms at low potentials to oxidize adsorbed CO
on platinum to CO2. Other groups
10,20–22 have also proposed
that Ru, Sn, Pb and other metals can enhance ethanol oxidation
via an electronic effect on neighboring Pt atoms (the ligand effect).
It has been proposed, in these mechanisms, that the second metal
may accelerate the adsorption and dehydrogenation of ethanol on
Pt sites at low potentials or it may weaken the Pt–CO bond
allowing the oxidation of CO at lower potentials. However,
in situ infrared reflection–absorption spectroscopy (IRRAS)
and differential electrochemical mass spectrometry (DEMS)
have shown that acetaldehyde and acetic acid are the main
reaction products even with the best electrocatalysts.23,24
Therefore, developing catalysts that could break efficiently
the C–C bond of ethanol for oxidizing ethanol to CO2 is a
major challenge in electrocatalysis.
Among lead oxides, PbO2 is an attractive material because
of its good resistance to corrosion, high electronic conductivity,
excellent stability, and low cost.25–28 Other lead oxides such as
Pb3O4 possess also interesting physical characteristics due to their
mixed valence, resulting in their unique electronic structure.25
Both PbO2 and Pb3O4 are strong oxidants and commonly
utilized as electrodes in batteries.29,30 Moreover, PbO2 is also
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widely used in the oxidation of organic pollutants in waste
water treatment,31,32 and in electrocatalysis as well.33 The OH
radicals electro-generated by water discharge play an important
role in electrocatalytic degradation of organic pollutants,34–36
which can be degraded into inorganic molecules through
an electrochemical combustion process. The mixed valence
compound of Pb3O4 can be written as 2PbOPbO2, the partial
density of states of the Pb(IV) atoms in Pb3O4 is very similar to
that of Pb(IV) atoms in b-PbO2.
37 As a consequence, OH
could also be produced on the surface of Pb3O4 at lower
potentials. It is thus interesting to utilize lead oxides as co-catalysts
for the electrooxidation of ethanol, in order to enhance the
catalytic activity and improve the energy conversion efficiency
of Pt-based catalysts in DEFCs.
In the present paper, we have developed a simple wet
chemistry method, along with high-throughput, for synthesizing
a novel platinum–lead oxide nanocomposite (Pt–PbOx NC)
catalyst. The lead oxide (PbOx) was determined to be 87% in
Pb3O4 and 13% in PbPtx. It is known that the electrocatalytic
activity for the oxidation of organic fuels is larger in alkaline
media in comparison with acidic media.38–40 Rao et al. also
reported that in an alkaline membrane electrode assembly, the
contribution of CO2 to the total currents is about 55%,
compared to 2% in acidic membrane electrode assembly.41
In considering the practical application of DEFCs, the
electrocatalytic activity for ethanol oxidation and the activity
of breaking C–C bonds of the Pt–PbOx NC were tested in
alkaline media in the paper. The results have demonstrated
that the Pt–PbOx NC exhibits a higher catalytic activity, a
much longer durability and a significantly improved activity of
breaking C–C bonds of ethanol than the nm-Pt and commercial
Pt black catalysts. To the best of our knowledge, the Pt–PbOx
NC displays the highest steady-state mass activity so far for
ethanol oxidation. The peak current density of ethanol oxida-
tion on the Pt–PbOxNC has reached about 748.9 mA (mg Pt)
1
at 0.21 V (vs. SCE) in 0.1 M CH3CH2OH + 0.1 M KOH
solution, together with an excellent durability.
2. Experimental section
2.1 Reagents and materials
The reagents used for the preparation of Pt–PbOx NC and the
electrocatalysis tests, including H2PtCl66H2O, NaOH, ethylene
glycol, lead tetraacetate, KOH and ethanol, were purchased from
China Medicine Shanghai Chemical Reagent Corp. Commercial
Pt black catalyst was purchased from Alfa Aesar (HiSPEC 1000,
Johnson Matthey Inc.). All reagents were analytically pure and
used as received without further purification.
2.2 Preparation of Pt–PbOx NC
The Pt–PbOx NC catalyst was synthesized as follows without
using any surfactant and organometallic precursors: (1) in the
preparation process of Pt colloid,42 a glycol solution of NaOH
(10 mL, 0.5 M) was added into 10 mL glycol solution of
H2PtCl66H2O (1.0 g, 1.93 mmol in 50 mL) with stirring to
obtain a transparent yellow platinum hydroxide or oxide
colloidal solution that was then heated at 140 1C for 3 h.
A transparent dark-brown homogeneous colloidal solution of
the Pt metal nanocluster was obtained without any precipitate.
The mean size of Pt nanoparticle is 2.24 nm (Fig. S1a and S1c,
ESIw). The obtained Pt nanocluster solution is very stable, no
precipitate was observed even after standing for several
months; (2) nano b-PbO2 was synthesized simply by dropwise
addition of 35 mL distilled water into 0.5 mL lead tetraacetate
solution saturated by glacial acetic acid with stirring, and then
kept stirring for 2 h at room temperature.43 The mean size of
PbO2 nanoparticles is 4.59 nm (Fig. S1b and S1d, ESIw); (3)
the PbO2 colloid was washed with water and ethanol several
times, after the centrifugal separation, 5 mL Pt nanocluster
solution prepared from step (1) was added, and then the
solution was subjected to ultrasonic treatment for 5 min and
stirring for 12 h at room temperature; (4) the product was
centrifugated, washed and re-suspended in water.
2.3 Instrumentation
The transmission electron microscopy (TEM) images were
taken on JEM-2100 at 200 kV that was furnished with an
Energy dispersive X-ray (EDX) micro-analyzer (INCA Energy,
Oxford Instruments, UK). The statistical analysis of samples’
cross-sectional diameter was performed using the Image J
program. X-ray diffraction (XRD) patterns were recorded
on an X0 pert PRO (PANalytical B.V., Netherlands) diffracto-
meter operated at 40 kV and 30 mA with Cu Ka radiation (l =
1.5418 Å). X-ray photoelectron spectroscopy (XPS) of samples
was conducted on a PHI Quantum 2000 Scanning ESCA Micro-
probe (PHYSICAL ELECTRONICS) operated at 15 kV, 25 W,
1486.6 eV with monochromated Al Ka radiation, and binding
energies were corrected with reference to the C1s peak at
284.8 eV. The inductively coupled plasma optical emission
spectrometry (ICP-OES) of samples was performed on IRIS
Intrepid II XSP (ThermoFisher).
2.4 Electrocatalysis tests and in situ FTIR studies
Electrochemical preparation and characterization were carried
out in a standard three-electrode cell working with a 263A
potentiostat (EG&G). The counter electrode was a Pt foil, and
the reference electrode was a saturated calomel electrode
(SCE). All potentials reported in this paper are referred to
the SCE scale. The working electrode is a glassy carbon (GC,
f = 5 mm) electrode embedded into a Teflon holder. Prior to
the electrochemical test, the GC electrode was mechanically
polished using successively alumina powder of size 5, 1, and
0.3 mm. It was then cleaned in an ultrasonic bath. The
suspension of the Pt–PbOx NC catalyst, nm-Pt (nm-Pt colloid
was prepared by washing from original Pt nanocluster
solution and then re-suspended in water) or Pt black was
spread on the GC electrode. As soon as the electrode was dried
under an infrared lamp, 2 mL Nafion diluents (0.05 wt.%
Nafions solution) were coated onto the electrode surface.
Electrocatalytic oxidation of ethanol was measured in 0.1 M
CH3CH2OH + 0.1 M KOH solution at room temperature.
The solution was prepared with 18 MO Millipore water
provided by a Milli-Q Lab apparatus (Nihon Millipore Ltd.)
and purged with high-purity N2 (99.999%) gas for at least
15 min before measurements, and then the solution was
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N2 above the solution. Cyclic voltammetry of oxidation of
ethanol was recorded at a sweep rate of 50 mV s1, and the
solution ohmic drop (i.e. IR drop) has been compensated.
Transient current density curves for ethanol oxidation on
Pt–PbOx NC, nm-Pt and Pt black catalysts were recorded at
different potentials of 0.6, 0.55, 0.5, 0.45, 0.4, 0.35,
0.3, 0.25, and 0.2 V, in the range of 0 s to 600 s. The
current density, time and potential can make up a j–t–E
3D-plot for each catalyst. The long-time amperometric i–t curves
were measured for 2 hours at a fixed potential of0.4 V, which is
close to the anodic working potential in DEFC in alkaline media.
All the electrochemical measurements were carried out at room
temperature.
Electrochemical in situ FTIR reflection spectroscopic studies
were carried out on a Nexus 870 FTIR spectrometer (Nicolet)
equipped with a liquid-nitrogen-cooledMCT-A detector and an
EverGlo IR source.44 A thin-layer IR cell with a CaF2 planar
window was employed. The electrochemical in situ FTIR
spectra of ethanol oxidation on Pt–PbOx NC and nm-Pt
catalysts were recorded at sample potentials that varied from
0.4 V to 0.1 V in a mixture of 0.1 M ethanol and 0.1 M KOH
with an interval of 0.1 V, the reference potential was fixed at
0.8 V. The activity of breaking C–C bonds of ethanol, Z, is
calculated according to eqn (1), where A represents the IR





3. Results and discussion
3.1 Physical characterization
Fig. 1a and b show the representative transmission electron
microscopy (TEM) images of the as-prepared Pt–PbOx NC.
The nanocomposite catalyst is composed of nanoparticles of
average size 3.23 nm, as indicated by the size histogram
(Fig. 1e). The energy dispersive X-Ray (EDX) analysis demon-
strates that the atomic ratio of Pt : Pb : O is 0.58 : 0.19 : 0.23,
and the ratio of Pb and O is less than 1 : 2 (Fig. 1f). In the high-
magnification TEM image of an individual nanoparticle
(Fig. 1c stands for region ‘‘1’’ and d stands for ‘‘2’’ in
Fig. 1b), it can be measured that the fringe patterns with lattice
spacing in Fig. 1c is 0.228 nm that is close to the {111} planes of
pure Pt of 0.227 nm, and lattice spacing in Fig. 1d is 0.233 nm
that is close to the {111} planes of the PbPtx alloy of 0.234 nm.
While the region ‘‘3’’ in Fig. 1b is darker than the background
and we cannot distinguish its fringe patterns clearly. It may
represent other amorphous state materials, such as oxides. The
results indicate that the Pt–PbOx NC may contain Pt, PbPtx
alloys. The PbO2 may be reduced to lead oxides with lower
valence states.
The structure of the Pt–PbOx NC catalyst was further
characterized by XRD, as shown in Fig. 2. Pt–PbOx NC
displays four broad diffraction peaks, which can be indexed to
the {111}, {200}, {220}, and {311} planes of the face-centered-
cubic (fcc) Pt. Besides the fcc diffraction, there are only a set of
small sharp peaks at 26.21, 26.81 and 33.61 (marked by ’), which
can be attributed to Pb3O4 (Reference code: 01-085-0859).
Comparing with the PbO2 XRD pattern, we cannot find any
diffraction peaks of PbO2 from the Pt–PbOx NC XRD
pattern, confirming that PbO2 has been partially reduced to
Pb3O4. According to the Scherrer equation,
45 the crystallite
size can be calculated by measuring the width of the diffraction
peak. The size of Pt particles in the Pt–PbOx NC catalyst is
Fig. 1 Morphology and composition characterization of as-prepared
Pt–PbOx NC. TEM (a, b) and HRTEM (c, d) images of the Pt–PbOx
NC, some different constituent parts are marked as 1, 2 and 3;
histogram of particle size (e); EDX spectroscopy (f).
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estimated to be 3.01 nm from the Pt{111} diffraction
peak displayed in Fig. 2, which is slightly larger than that of
nm-Pt (2.49 nm). The crystallite sizes estimated by XRD are
comparable with those seen in TEM.
Surface composition and chemical state of the Pt–PbOx NC
were analyzed further by X-ray photoelectron spectroscopy
(XPS). Fig. 3b–II shows the Pt4f core region spectra of the
surface of the Pt–PbOx NC catalyst. The 4f7/2 and 4f5/2 peaks
at 71.2 and 74.5 eV can be attributed to metallic Pt, namely
Pt(0). It is interesting to note that the Pt4f binding energy
(BE) of the Pt–PbOx NC is negatively shifted by 0.3 eV in
comparison with that of nm-Pt (Fig. 3–I), suggesting that the
electronic environment surrounding the Pt atom is signifi-
cantly changed due to the doping of the Pb element, which
may be a synergistic action of Pb(0) and Pb3O4.
Fig. 3b–IV depicts the Pb4f core region spectra of the
surface of Pt–PbOx NC. A couple of weak peaks at 137.1
and 142.0 eV correspond to the 4f7/2 and 4f5/2 peaks of
metallic lead Pb(0), and another couple of strong peaks at
138.4 and 143.3 eV are attributed to Pb3O4, which are both
different from those of nm-PbO2 (Fig. 3b–III). The corres-
ponding core level peak area of Pb(0) and Pb3O4 in the
Pt–PbOx NC at Pb4f7/2 are measured to be 2571.88 and
17 293.96, respectively. Based on the XPS spectra shown in
Fig. 3b–IV, the relative atomic ratio of surface components of
Pb(0) and Pb3O4 is 1 : 6.72, indicating that most of the PbO2
has been reduced to Pb3O4. Combining with the EDX results,
it can be calculated that the atomic ratio of Pb and O is 0.73
after having taken out the proportion of Pb(0), which is close
to that of Pb3O4, i.e. 0.75. The XPS result is in good agreement
with that of EDX and XRD.
In this study, our original intention is to prepare pure PbO2
modified Pt catalysts. However, owing to the strong oxidizing
property of PbO2 that is readily reduced by other reducing
substance, such as glycol, the preparation process of PbO2/Pt
catalysts cannot imitate that of SnO2/Pt. The reaction process
may be as described in Fig. 4. It is clear that owing to the
strong oxidizing property of PbO2, it can be reduced to Pb(0)
and Pb3O4 by glycol at room temperature in the process
of ultrasonic treatment and stirring with Pt colloid. As a
consequence, the Pt–PbOx NC is finally composed of metallic
Pt, PbPtx alloy and Pb3O4 (the majority of PbOx) according to
the comprehensive results of TEM, XRD and XPS. Suffredini
and co-workers have synthesized PbOx-containing Pt elec-
trode materials by using an adapted sol–gel method assisted
with organometallic compound precursors (such as lead acetyl-
acetonate), and followed by thermal treatment at 400 1C in an
argon atmosphere.5,46 The XRD analysis indicated a mixture
of PbO and PbO2 in such PbOx-containing Pt electrode
materials, while no PbOx phase could be determined even in
high-magnification TEM images. They demonstrated that the
PbOx-containing Pt electrode materials possess a high activity
towards ethanol oxidation in acid solutions, ascribing to the
co-catalytic effect of PbO and PbO2.
3.2 Electrocatalytic performances
In the current study, we demonstrated that the as-prepared
Pt–PbOx NC catalyst holds a much higher catalytic activity
Fig. 3 XPS spectra of (I) nm-Pt and (II) the Pt–PbOxNC catalyst in Pt4f regions, and of (III) nm-PbO2 and (IV) the Pt–PbOxNC catalyst in Pb4f regions.
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and durability for ethanol oxidation in alkaline solutions than
the nm-Pt and commercial Pt black catalysts. Fig. 5a compares
the cyclic voltammograms of ethanol oxidation on the
as-prepared Pt–PbOx NC, nm-Pt and commercial Pt black
catalysts at a scan rate of 50 mV s1. The oxidation current
density has been normalized to the mass of Pt measured from
inductive coupled plasma (ICP) analysis. In the positive-going
potential scan (inset to Fig. 5a), the Pt–PbOx NC catalyst
showed an onset potential (measured at j = 10 mA (mg Pt)1)
of 0.626 V, which is negatively shifted by 30 mV and 44 mV
in comparison with those of nm-Pt and commercial Pt black
catalysts, respectively. The peak current densities are measured,
respectively, to be 748.9, 436.3 and 288.7 mA (mg Pt)1 on
Pt–PbOx NC, nm-Pt and Pt black catalysts. The catalytic
activity of the Pt–PbOx NC catalyst is 1.7 times that of the
nm-Pt catalyst, and 2.6 times that of the Pt black catalyst.
Fig. 5b illustrates the 3D-plot of the ethanol oxidation
current versus time and electrode potential on the Pt–PbOx
NC, and Fig. 5c depicts the comparison of the corresponding
potential-dependent steady-state current density at 600 s on
the three catalysts (the original data of nm-Pt and Pt black
catalysts are presented in Fig. S2, ESIw). It can be seen from
Fig. 5b and c and Fig. S2 (ESIw) that the current density of
ethanol oxidation on the Pt–PbOx NC catalyst is much higher
than those on the nm-Pt and Pt black catalysts, the current
density ratio j(Pt–PbOx NC)/j(nm-Pt) at 600 s varies from
1.5 to 3.6, and j(Pt–PbOx NC)/j(Pt black) varies from 3.7 to
7.0 depending on the electrode potential. We have also
observed that at a given current density, the oxidation
potential of ethanol on the Pt–PbOx NC catalyst is generally
lower than those on nm-Pt and Pt black catalysts. For
example, at 50 mA (mg Pt)1 of a technical interest current
density (as indicated by dashed lines in Fig. 5c), the corres-
ponding potential on the Pt–PbOx NC catalyst is negatively
shifted by about 45.5 mV and 123.9 mV compared to nm-Pt
and Pt black. The above results demonstrate clearly that the
Pt–PbOx NC catalyst exhibits much enhanced catalytic activ-
ity per unit weight of Pt mass for the oxidation of ethanol
molecules.
The Pt–PbOx NC catalyst also exhibits a high durability for
ethanol oxidation. Fig. 5d illustrates the current–time curves
recorded at 0.4 V for 2 h on the Pt–PbOx NC, nm-Pt and
Pt black catalysts. The initial current density on the three
catalysts is almost the same. But it is important that the
degradation rate of oxidation current on the Pt–PbOx NC
catalyst is much slower than those on nm-Pt and Pt black
catalysts. The ratio of j(Pt–PbOx NC)/j(nm-Pt) almost increases
linearly from 1.0 to 8.1, and j(Pt–PbOx NC)/j(Pt black) increases
quickly from 1.0 to 27.3 (inset to Fig. 5d), confirming that the
Pt–PbOxNC catalyst has much higher durability than nm-Pt and
Pt black catalysts.
To further evaluate the electrocatalytic durability of the
catalysts, the cyclic stabilities of ethanol electrooxidation on
the Pt–PbOx NC, nm-Pt and Pt black catalysts were recorded
for 1000 cycles between 0.8 V to 0.3 V at a scan rate of
50 mV s1 (about 5.6 hours). Fig. 6a–c show partial cycles of
ethanol oxidation on the three catalysts. As seen in Fig. 6a–c,
the current density decreased comparatively slowly for ethanol
oxidation on the Pt–PbOx NC catalyst and remained still
77.4% of that of the 10th cycle at the 1000th cycle; while the
Fig. 5 Electrocatalytic activity and durability of Pt–PbOx NC, nm-Pt and commercial Pt black catalysts for ethanol oxidation in a mixture of
0.1 M CH3CH2OH and 0.1 M KOH at room temperature. (a) Steady-state cyclic voltammograms (50 mV s
1), inset to (a) shows the j–E curves
recorded in positive-going potential scan. (b) 3D-plot of j–t–E recorded on the Pt–PbOx NC catalyst. (c) Potential-dependent steady-state current
density recorded at 600 s for ethanol oxidation on Pt–PbOx NC, nm-Pt and commercial Pt black catalysts. (d) Amperometric j–t curves of ethanol
oxidation at 0.4 V(SCE) on Pt–PbOx NC, nm-Pt and Pt black catalysts, inset to (d) shows the ratios of (1) j(Pt–PbOx NC)/j(nm-Pt) and
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current density decreased drastically on the nm-Pt and Pt
black catalysts, especially for nm-Pt. On the nm-Pt the current
density maintained was only 10.0% of that of the 10th cycle at
the 1000th cycle compared. This observation confirms again
that the Pt–PbOx NC catalyst possesses excellent catalytic
durability for ethanol oxidation. Fig. 6d analyses the cyclical
durability of ethanol electrooxidation on the catalysts recorded
in the forward scan for the 1000 cycles at a potential of 0.4 V,
namely, a potential close to that at which direct ethanol fuel
cells operate in alkaline media. It can be seen from Fig. 6d that,
the current density measured on the Pt–PbOx NC catalyst is
394.6 mA (mg Pt)1 at the 1st cycle, which is about 1.3 and
3.9 times of those of nm-Pt and Pt black catalysts. The current
density of ethanol oxidation on the nm-Pt and Pt black catalysts
decreased drastically in the initial cycles. However, the decrease
rate of current density recorded at 0.4 V on the Pt–PbOx NC
catalyst is much slower than those on nm-Pt and Pt black
catalysts. The ratio of j(Pt–PbOx NC)/j(nm-Pt) increases slowly
from 1.3 to 5.8 corresponding to the increase of cycles from 1 to
400, and is then stabilized after the 400th cycle. While the ratio
of j(Pt–PbOx NC)/j(Pt black) increases quickly from 3.9 to 11.9
within 80 cycles, then increases slowly and the ratio reaches
as high as 22.2 for the 1000th cycle. The cyclical durability
result is in accord with that of long-term chronoamperometric
experiments.
The above results indicate that the Pt–PbOx NC displays
enhanced electrocatalytic activity and excellent durability
towards ethanol oxidation, which are superior to those of PtBi47
and Pt/NbRuyOz
48 under similar conditions. For example, the
maximum peak current measured on the PtBi catalyst is about
70 mA (mg Pt)1, which is only 9.3% of the value acquired
on Pt–PbOx NC. Furthermore, the current value is ca. 12 mA
(mg Pt)1 at 30 min in the chronoamperometric experiment in a
mixture of 1.0M ethanol and 1.0MKOH, which is only 1/11 of
that measured on Pt–PbOx NC. The significant enhancement in
catalytic activity may be partially originated from electronic
effects, in which Pb and Pb3O4 modify the electronic structure
of Pt as evidenced by a negative shift (0.3 eV) of Pt4f binding
energy on Pt–PbOx NC in comparison with nm-Pt (Fig. 3b–I
and b–II). The electronic effect can contribute to the enhance-
ment of catalytic activity and improve the intrinsic kinetics of
ethanol oxidation. Moreover, the remarkable high activity and
durability for ethanol oxidation on the Pt–PbOx NC catalyst
may also come from the bi-functional mechanism. The PbO2
plays almost no catalytic role in ethanol oxidation (Fig. S3,
ESIw), while the catalytic properties of nm-Pt are significantly
improved after its modification with PbOx. It is thus suggested
that the PbOx may be a co-catalyst. In the bi-functional
mechanism, the second material, especially PbO2 in Pb3O4
compound, can activate water at lower potentials. The OH
produced on the surface of doped-PbOx may promote the
oxidization of neighboring adsorbed intermediates, and the
released Pt active sites can keep on adsorbing and oxidizing
ethanol. It is obvious that the high catalytic activity and
excellent durability of the Pt–PbOx NC catalyst could be
originated from both the electronic effects and bi-functional
mechanism.
3.3 In situ FTIR reflection spectroscopic study
In order to study further at a molecular level the catalytic
effect, we employed in situ FTIR reflection spectroscopy to
determine the intermediates/products involved in ethanol
oxidation on the as-prepared Pt–PbOx NC. Fig. 7a and b
illustrate in situ FTIR spectra of ethanol oxidation on
Pt–PbOx NC and nm-Pt catalysts at 0.4, 0.3, 0.2, 0.1,
Fig. 6 The 10th, 100th, 200th, 400th, 600th, 800th and 1000th CV plots of ethanol oxidation on Pt–PbOx NC (a), nm-Pt (b) and Pt black catalysts
(c) with a scan rate of 50 mV s1 between 0.8 V to 0.3 V, respectively. (d) The corresponding mass current density (left) of the three catalysts
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0 and 0.1 V, respectively. The upward band at 1047 cm1 is the
signature peak corresponding to the C–O stretching of
CH3CH2OH, representing the consumption of ethanol by
oxidation. The downward band at 2343 cm1 is attributed to
the asymmetric stretching of CO2 solution, reflecting the
cleavage of the C–C bond of ethanol due to its complete
oxidation. Fig. 7a reveals that CO2 can be produced as low as
at 0.3 V on the Pt–PbOx NC catalyst, which is negatively
shifted by 200 mV in comparison with that of the nm-Pt
catalyst, demonstrating that the Pt–PbOx NC has a much
higher activity to yield CO2 that correlates with an excellent
ability of breaking the C–C bond of ethanol. The bands at
1552 cm1 and 1415 cm1 are assigned to the asymmetric and
symmetric stretching vibrations of the carboxyl group in
acetate. To avoid the influence of CO3
2 that yields an IR
band around 1400 cm1, the former band near 1552 cm1 is
often used for the analysis of acetate. The band near 1720 cm1
is attributed to the stretching vibration of the CQO bond of the
carboxyl group both in acetic acid and acetaldehyde. A well-
defined band at 1280 cm1 appearing at 0.1, 0 and 0.1 V
signifies ethanol oxidation on the Pt–PbOx NC catalyst. This
band is the characteristic absorption of C–O stretching in acetic
acid, and is usually employed for quantitative analysis of acetic
acid. By comparing Fig. 7a and b, it is clear that, besides the
earlier appearance of the CO2 band in spectra collected at lower
potentials, the band at 1280 cm1 solely appeared in the spectra
collected with Pt–PbOx NC, and no such band could be
observed in spectra of the nm-Pt catalyst. It is well known
that 12 mol electrons were supplied and 12 mol H+ released
when 1 mol ethanol is completely oxidized to CO2, and the
released large number of H+ can acidize partially acetate to
acetic acid in the electrode/IR window thin-layer solution. As
a consequence, the CO2 band appears in the spectra, otherwise
the produced CO2 will be converted into CO3
2 in alkaline
medium. While for the nm-Pt catalyst, the CO2 band is
observable only in spectra recorded at relatively high potentials.
Such results indicate that the quantity of CO2 that is yielded
through the oxidation of ethanol on the nm-Pt catalyst is small,
and there is not enough H+ to acidize acetate to acetic acid in
the electrode/IR window thin-layer solution (Fig. 7c). The
results imply that the nm-Pt catalyst has a low activity of
breaking the C–C bond of ethanol which is the key step to
oxidize ethanol to CO2.
The integral intensities of IR bands for CO2 at 2343 cm
1,
acetic acid at 1280 cm1 (only for the Pt–PbOx NC catalyst)
and acetate at 1552 cm1 on the Pt–PbOx NC and nm-Pt
catalysts at different potentials are utilized to estimate the
activity of breaking C–C bond of ethanol (Z) of different
catalysts. As seen in Fig. 7d (up), Z of Pt–PbOx NC at
0.3 V is 0.011, and increases to 0.052 at 0.2 V. The Z of
Pt–PbOx NC augments quickly when the potential is above
0.1 V and reaches finally 0.13 at 0.1 V. While the Z of nm-Pt
is zero below 0.1 V, and is 0.0093 at 0.1 V. It keeps a
relatively small value for all potentials investigated, and
Fig. 7 In situ FTIR spectra of ethanol oxidation on Pt–PbOx NC (a) and nm-Pt (b) catalysts at 0.4, 0.3, 0.2, 0.1, 0 and 0.1 V, the reference
potential was 0.8 V; (c) IR band intensity of various products on Pt–PbOx NC and nm-Pt catalysts; (d) the cleavage ability Z of the C–C bond for
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manifests at 0.1 V a value of 0.025 that is only 19.2% of the
Z of Pt–PbOx NC at the same potential. Fig. 7d (down)
illustrates the variation of the ratio g, defined as g =
Z(Pt–PbOx NC) : Z(nm-Pt), which compares the Z of the
Pt–PbOx NC and nm-Pt catalysts. It can be seen that g is
maximum (6.14) at 0.1 V due to the small value of Z(nm-Pt).
The g has decreased to 3.39 at 0.0 V, and finally increased to
5.17 at 0.1 V, associating with the fast increase in CO2
production on the Pt–PbOx NC as observed in Fig. 7c. It is
clear that the Z of Pt–PbOx NC is 3 to 6 times larger than that
of the nm-Pt catalyst. It can be seen from the above data that,
the oxidation product of ethanol in alkaline media may
include, depending the acidification of the solution in the
electrode/IR window thin-layer solution, CO2 and CO3
2,
acetic acid and acetate. The integral IR band intensities of
CO2 and acetic acid (or acetate) in spectra of the Pt–PbOx NC
catalyst are always bigger than those of the nm-Pt catalyst. It
demonstrates again that the Pt–PbOx NC catalyst displays
enhanced electrocatalytic activity towards ethanol oxidation,
and more H+ has been released during the oxidation process
of ethanol on the Pt–PbOx NC catalyst, which is responsible
for the acidification of the medium. The electrochemical in situ
FTIR results reveal distinctly that, compared with nm-Pt, the
as-prepared Pt–PbOx NC catalyst holds an excellent activity
for breaking the C–C bond of ethanol. As a consequence, the
Pt–PbOx NC catalyst exhibits a higher selectivity for the
complete oxidation of ethanol to CO2.
4. Conclusions
In conclusion, a novel Pt–PbOx NC catalyst with a mean size
of 3.23 nm was synthesized through developing a simple wet
chemistry method without using any surfactant, organometallic
precursors and high temperature. Electrocatalytic tests of ethanol
oxidation demonstrated that the Pt–PbOx NC catalyst exhibits
significantly enhanced electrocatalytic activity and excellent
durability for ethanol oxidation, which are attributed to an
electronic effect and a bi-functional mechanism of the Pt–PbOx
NC catalyst. The in situ FTIR spectroscopic studies reveal that
the as-prepared Pt–PbOx NC catalyst exhibit excellent activity
for breaking the C–C bond of ethanol, leading to the efficient
oxidation of ethanol to CO2. This study is of great significance
in the synthesis of highly active Pt-based catalysts and also
in the improvement in the energy conversion efficiency and
application of direct ethanol fuel cells.
Acknowledgements
This research was supported by NSFC (21021002, 21103055)
and the Fundamental Research Funds for the Central Universities
(JB-ZR1139).
Notes and references
1 A. Kowal, M. Li, M. Shao, K. Sasaki, M. B. Vukmirovic,
J. Zhang, N. S. Marinkovic, P. Liu, A. I. Frenkel and
R. R. Adzic, Nat. Mater., 2009, 8, 325–330.
2 M. Li, A. Kowal, K. Sasaki, N. Marinkovic, D. Su, E. Korach,
P. Liu and R. R. Adzic, Electrochim. Acta, 2010, 55, 4331–4338.
3 J. Datta, S. Singh, S. Das and N. R. Bandyopadhyay, Bull. Mater.
Sci., 2009, 32, 643–652.
4 M. H. Huang, G. F. Dong, N. Wang, J. X. Xu and L. H. Guan,
Energy Environ. Sci., 2011, 4, 4513–4516.
5 H. B. Suffredini, G. R. Salazar-Banda and L. A. Avaca, J. Power
Sources, 2007, 171, 355–362.
6 J. Mann, N. Yao and A. B. Bocarsly, Langmuir, 2006, 22,
10432–10436.
7 G. C. Li and P. G. Pickup, Electrochim. Acta, 2006, 52, 1033–1037.
8 N. Fujiwara, K. A. Friedrich and U. Stimming, J. Electroanal.
Chem., 1999, 472, 120–125.
9 W. J. Zhou, Z. H. Zhou, S. Q. Song, W. Z. Li, G. Q. Sun,
P. Tsiakaras and Q. Xin, Appl. Catal., B, 2003, 46, 273–285.
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